Monolayer graphene is commonly grown on Cu substrates due to the self-limiting nature of graphene synthesis by chemical vapor deposition (CVD). Consequently, the growth of multilayer graphene by CVD has proven to be relatively difficult. This study demonstrates that the number of layers in graphene synthesized on a copper substrate can be precisely set by controlling the partial pressure of hydrogen gas used in the CVD process. This study also shows that a pressure threshold exists for a distinct transition from monolayer to multilayer graphene growth. This threshold is shown to be the boundary where the graphene growth process on Cu by CVD is no longer a self-limiting process. In addition, the multilayer graphene synthesized through the pressure control method forms in the Volmer-Weber mode with an AB stacking structure.
Introduction
Bilayer and multilayer graphene have found many uses in a range of applications from low resistance flexible transparent electrodes [1] to corrosion protection [2, 3] to roll-to-roll electronics manufacturing [4] [5] [6] . For example, bilayer graphene has a tunable bandgap [7] and is ideal for tunnel field effect transistors [8, 9] . However, the precise fabrication of bilayer or multilayer graphene with a controlled number of layers is extremely difficult. Most attempts to produce bilayer or multilayer electronic devices have relied on the attempting to find sections of bilayer/multilayer graphene on samples exfoliated from bulk graphite samples [10] [11] [12] [13] . The results from these devices are encouraging with a band-gap up to 0.25 eV demonstrated for bi-layer graphene produced by this mechanical exfoliation method [7] . However, this method is not scalable to the large-scale production needed for electronics manufacturing. Therefore, various studies attempted to produce bi-or multi-layer graphene with an AB lamination structure using chemical vapor deposition (CVD), which is a more scalable graphene fabrication method.
Unfortunately, the controlled fabrication of bilayer or multilayer graphene by CVD has proven to be difficult. Most CVD graphene is grown on copper substrates because of the self-limiting nature of graphene growth on copper [14] . In CVD graphene grown on copper, the copper surface that serves as the catalyst for graphene synthesis becomes covered with the graphene which prevents the copper from catalyzing more graphene growth and thus inhibiting multilayer graphene growth [15] . One approach to overcome this challenge has been to grow graphene on Cu-Ni alloys [16, 17] . The presence of Ni in the Cu-Ni alloy helps to increase the carbon solubility in the alloy and thus promotes multilayer growth.
However, the increased carbon solubility makes growing uniform graphene on these Cu-Ni alloys difficult, which generally results in large variances in the number of layers across the sample grown using this method [17, 18] .
Recent research has reported that it is possible to synthesize multi-layer graphene by either changing the carbon to hydrogen ratio or increasing the partial pressure of hydrogen during the CVD growth process [19, 20] . Liu [21] has reported the successful synthesis of multilayer graphene by controlling the hydrogen partial pressure while supplying hydrogen and methane. Luo also reported that multilayer graphene can be synthesized through dynamic control of pressure in the process of graphene synthesis [22] . However, the ability to precisely control the growth of bilayer or fewlayer graphene with a set number of layers has yet to be demonstrated or analyzed. Therefore, the purpose of this study is to quantify the effect that the hydrogen partial pressure has on the growth of bilayer and multilayer graphene in order to understand the role of pressure in multilayer graphene growth and to be able to precisely grow bilayer or fewlayer graphene.
Experimental section
This section outlines how the graphene was grown on copper foil and how it was transferred to the SiO 2 surface of a silicon chip for characterization.
Graphene growth on copper foils
In this work, the graphene growth was performed with on copper foils (thickness of 130 μm and purity of 99.95%, Alfa Aesar) as the metal catalyst. The Cu foil was 1×6 inches and was chemically treated in a 0.1 M ammonium persulfate solution (APS) for 30 min to remove the layer of native copper oxide as well as other contaminations that exist on the copper foil. This was followed by sequentially cleaning the copper in acetone, isopropyl alcohol (IPA), and de-ionized (DI) water bath. The treated copper foil was placed in the middle of a quartz tube in the growth furnace. Graphene growth was then preformed according to the following steps: (1) the pressure in the quartz tube was pumped down to 10 mTorr, (2) the copper foil was heated to 1030°C under a flow of hydrogen gas of 10 standard cubic centimeters per minute (SCCM) in the quartz tube; (3) the specific pressure for graphene-growth was set by controlling the down flow valve of the CVD system under a constant temperature (1030°C) and hydrogen environment (pressures of 0.47, 10, 40, 50, 80, and 120 Torr were selected for the multilayer graphene growth); (4) graphene growth was then conducted with two mixtures of hydrogen and methane at 10 SCCM and 0.1 SCCM for 30 min at 1030°C, respectively; (4) the entire CVD system was naturally cooled while flowing the gas mixtures and the coated copper foil was removed for analysis. (For details, see figure S1 in supplementary information, available online at stacks.iop.org/NANO/30/ 235602/mmedia.)
Transfer of graphene to silicon oxide substrates and electrical measurements
In order to evaluate the properties of graphene, as-grown graphene on the copper foil was transferred to 300 nm thick silicon oxide substrates on silicon, SiO 2 /Si (100), by the typical poly(methyl methacrylate) (PMMA) assisted wet transfer technique. The PMMA (100 K molecular weight, Microchem) was spin-coated on the graphene on the copper foil at the rate of 4000 RPM for 45 s. After pre-curing the PMMA/graphene/Cu foil/graphene composite at 190°C for 20 min, the graphene without PMMA beneath copper foil was etched by exposing it to an O 2 plasma environment [23] for 10 s. The sample was then placed in an APS solution of 0.1 M for 10 h to etch away the copper foil and leave behind PMMA/graphene floating on top of the APS solution. The thin PMMA/graphene film was cleaned in DI water and then transferred onto SiO 2 /Si substrates and stored in a vacuum desiccator to remove trapped water between PMMA/graphene and the substrate. After drying the sample overnight, stronger adhesion between graphene and the substrate was achieved by baking the sample at 120°C for 15 min. Finally, graphene-coated silicon was obtained by removal of the PMMA layer in an acetone bath for 60 min, followed by annealing under ambient conditions at 450°C for 30 min in order to remove any of the remaining polymer residue on the sample [24] . For the electrical measurements of the graphene, Au/Cr electrodes with 4 different gap sizes of 25, 50, 100, and 200 μm were deposited on top of the graphene.
Results and discussion
Monolayer, bilayer and multilayer of graphene (three or more layers) were synthesized on the copper foil by the CVD process described above. Figure 1 shows a series of scanning electron microscope (SEM) images of as-grown graphene on copper foil at 0.47, 10, 40, 50, 80 and 120 Torr (see figures 1(a)-(f)), respectively (For larger scale SEM images, see figure S3 in supplementary information.)
As can be seen in figure 1 , graphene grown at a pressure of 0.47 Torr ( figure 1(a) ) is a wrinkle free monolayer graphene whereas wrinkles are present under the higher-pressure growth conditions, indicating the presence of multilayer graphene. Only copper steps are visible on the graphene on Cu foil in figure 1(a) . Though the origin of wrinkles in multilayer graphene is not well known [25, 26] , it is hypothesized that the wrinkles (ML wrinkle in figures 1(b)-(f) represented as white lines in SEM) in the multilayer graphene most likely result from the formation of vacancies between layers in the graphene. As a result of the difference of the emissivity resulting from the vacancies between interlayers, these wrinkles appear as the bright lines in the SEM images [25, 27, 28] . These ML graphene wrinkles are distinguishable from monolayer graphene wrinkles because monolayer graphene wrinkles are darker in contrast. In addition, it can be observed in figure 1 that as the growth pressure increases, the overall contrast on the graphene in the images becomes darker which further indicates that the number of graphene layers is increasing [29, 30] .
To characterize the quality and number of layers of asgrown graphene on the copper foil, Raman spectroscopy (WITec Alpha 300 micro-Raman confocal microscope, λ=488 nm) was conducted on the copper foil after graphene growth. Figures 2(a) -(e) are the images of the Raman mapping associated with the intensity ratio (I 2D /I G ) of G and 2D peak at growth pressures of 0.47, 10, 50, 80, and 120 Torr, respectively. In these Raman images, blue regions indicate the presence of bi-layer graphene and purple regions indicate multilayer graphene while the red and yellow-colored regions are monolayer graphene.
The Raman spectrum mapping image (see figure 2(a)) at 0.47 Torr shows that the entire surface was covered with monolayer graphene as evidenced by the fact that the intensity ratio between the 2D and the G peaks of Raman spectra (I 2D /I G ) is greater than two over the majority of the surface [17] . For the 10 Torr growth (figure 2(b)) shows that monolayer graphene is still dominant over the entire surface but that small spots of bi-layer graphene (see supplementary information in figure S4(a) ) for the details of selected regions) are observable. In graphene growth with a pressure exceeding 10 Torr, the percentage of monolayer graphene starts to drop rapidly as increasing areas of bilayer and multilayer graphene are formed. At 50 Torr (see figure 2(c)), only about 20% of the scanned area of the mapping was covered with monolayer graphene and the rest of the area was bi-layer (I 2D /I G ∼1) and multilayer (I 2D /I G <1) as represented by the blue and purple domains, respectively. Further details of Raman spectra in the blue and purple regions are analyzed in figure  S4(b) . For the 80 Torr (see figure 2(d) ) and 120 Torr (see figure 2(e)) cases, bi-layer or multilayer graphene covers most of the surface. (For the details of 80 and 120 Torr at the selected regions please see figures S4(c), (d) in supplementary information, respectively.) These Raman spectra results support the conclusion based on the contrast and presence of the wrinkles in SEM (see figure 1 ) that the number of graphene layers increases as the growth pressure increases.
Quantifying the effect of the growth pressure on the number of layers is important, therefore, we analyzed probability distribution functions of the I 2D /I G intensity ratios calculated by examining each of the large area Raman scans for the different pressure growths on a pixel-by-pixel level as shown in figure 3(a) . In general, as the pressure increases, the probability distribution function becomes broader indicating a wider range in the number of graphene layers present in the samples. These probability distributions were then used to calculate the percentage of monolayer, bilayer, and multilayer graphene in the growths as a function of the growth pressure as shown in figure 3(b) . In this figure, the average of percentage of number of layers was determined by calculating accumulation of area under the curve where the area under the curve of I 2D /I G range from 1.5 to 3.0 is considered monolayer, the range from 0.8 to 1.5 is considered bilayer, and below 0.8 is considered multilayer graphene. The error bars in figure 3(b) were calculated as the standard deviation of the layer number percentages between different Raman scans for growths with the given growth pressure.
As can be seen in figure 3(b) , the percentage of monolayer graphene decreases as growth pressure is increased and the percentage of multilayer increases. The percentage of bilayer graphene is highest at the growth pressure of 50 Torr and more multilayer graphene starts being produced at higher pressures. This graph clearly shows that the amount of multilayer graphene rises with increasing growth pressure.
Raman spectroscopy is a convenient tool for determining number of graphene layers on Cu foil or on SiO 2 /Si substrate; however, the Raman responses on multilayer graphene become ambiguous when the number of graphene layers is greater than three. For example, when the Raman response of I 2D /I G ratio on graphene is below 0.75 (as is the case with growth pressures above 80 Torr), it is difficult to accurately evaluate the number of graphene layers since the more graphene layers do not significantly affect the I 2D /I G ratio. Thus, for precise measurement of the number of layers in the multilayer graphene grown in this study, atomic force microscopy (AFM, Park Scientific XE-100) was used. While obtaining morphology data from AFM, we also measured the lateral force spectrum of the surface, which helped us to visualize copper morphology as well as graphene steps.
The AFM image in figure 4(a) shows the morphology of a typical monolayer graphene/Cu foil surface grown at a pressure of 0.47 Torr over a 5×5 μm area. The scanned regions are characterized by the hexagonal graphene domains (average radius is approximately 0.6 μm, see figures S8, 9 in supplementary information). The size of Cu grains in these foils were determined to be larger than 10 μm by SEM by observation in figure 1 , therefore the hexagonal patterns in the AFM images are graphene grains [31] . In order to make sure that the hexagonal patterns are indeed graphene grain boundaries, a closer-up scan (see figure 4(b) ) of the white rectangle in figure 4(a) is shown in which the details of copper steps in the hexagonal pattern are observable. The hexagonal patterns are also observed to be surrounded by ragged lines which are copper oxide formed at the defects at the interfaces of the of as-grown graphene grains.
AFM scans (see figure 4(c) ) of graphene synthesized on copper foil at 120 Torr show that the hexagonal pattern grew radially and repeated for the multilayer graphene samples. If graphene layers are formed, the thickness difference at each step should be approximately 0.335 nm [32] . Figure 4(d) shows a line profile of height indicated in figure 4(c) as Line profile 1 on Copper (L1). Each step represents a graphene step counting from graphene '1' to graphene '5'. Each step height difference from the measurement is calculated by subtracting a morphology of copper surface from original AFM data as shown in figure 4 (e) where average height difference from step to step is approximately 0.4 nm. Region 4-5 has height difference of 2 layers of graphene stacked which is calculated as 0.8 nm. Therefore, figure 4(e) suggests that approximately six layers of graphene were formed at the selected location on graphene.
In order to understand how the multilayer graphene grains grow and coalesce, graphene was produced by shortening the growth time. Total absorption time of 10 min instead of the original recipe of 30 min was used. Graphene grown on Cu foil in this manner under 120 Torr is shown in figures 5(a), (b) where a few graphene grains are produced before fully covering the surface of Cu foil. Figure 5 (a) exhibits a patch of multi-layer graphene, contacting with an adjacent region of multi-layer graphene. In addition, we can observe multilayer wrinkles (ML wrinkle) at the center of each graphene domain as well as where they merge. This is clear in figure 5(b) , with the formation of a boundary (a white arrow) of multi-layer graphene grains (A-D) with several wrinkles in each domain. Figure 5 (c) shows that the I 2D /I G ratio of two nearby graphene patches varies from 0.3 to 0.8. This mapping image shows that when the graphene was formed on copper, the monolayer and bilayer graphene grew outward from the nucleation point and simultaneously formed more layers of graphene at the nucleation point. The white circles (see figure 5(c) ) represent the locations (1-7) where the Raman spectra were observed on the sample. In figure 5 (c), location 1 is the center of multilayer graphene which corresponds to the Raman spectrum labeled '1' in figure 5(d) with an I 2D /I G ratio of 0.7. Due to the decrease of the ratio (I 2D /I G ) from point 2 to point 3, we estimated that tri and bi-layer graphene were formed at these points, respectively. The absence of the two characteristic peaks of graphene (point 4) supports the absence of the graphene layer on copper there. Along the points 5, 6, and 7, the Raman spectra indicate that bi-layer, tri-layer and few layers of graphene were formed, respectively. The FWHM of I 2D of graphene shown in figure 5(e) indicates that the majority of FWHM is close to 60, indicating AB stacking of graphene layers [33] . Thus, it is possible to conclude that the multilayer graphene grown on the copper was AB stacked graphene in each domain. When the growth process described above was repeated at 80 Torr, similar graphene growth patterns were observed (see figure 5(f) ). These results indicate that the growth of the multi-layer graphene proceeds from the nucleation sites until the graphene patches merge together.
To accurately quantify the number of graphene layers that form in the multilayer domains, the multilayer graphene was transferred onto a silicon oxide surface and atomic force microscopy was used to measure the number of layers across multiple locations on the sample. The SEM image in figure 6(a) shows graphene grown at 120 Torr consisting of multilayers having visibly different contrast due to different numbers of layers of graphene at different regions in the sample. Multilayer graphene is also confirmed by the AFM mapping data in figure 6(b) , where the hexagonal domains are defined by steps, multi-layer graphene wrinkles, and grain boundaries. When the height profile along L2 (see figure 6(c) ) was measured along with the friction at each step using lateral force microscopy (LFM), it suggests that multilayer graphene growth is most likely to be stacked in the form of VolmerWeber (VW) type graphene structures, in which additive layers are formed beneath monolayer graphene [20, 34] , since there was no change in the measured friction at each step. The results are consistent with the expected growth mechanism given the low methane concentration ratio growth conditions used and the stacking sequence visible in figures 6(a), (b) . In addition, the height variation at each step (see figure 6(d) ) suggests that average graphene step heights of 0.38 nm are distinguishable within ±0.1 μm. Height measurements of various wrinkles and boundary layers of graphene grains are presented in figures S8(a), (b) in supplementary information. The Raman spectra of the transferred graphene is shown in figure 6 (e) where the ratio of peak intensities I 2D /I G is mapped for the sample. The mapping shows that the majority of 10×10 μm area is covered with multilayer graphene (I 2D /I G ≈0.5) and that the boundaries of the graphene patches are close to bilayer graphene (I 2D /I G ≈1).
Statistical values gathered from both the Raman data in figure 3(a) and the AFM data (by counting the actual number of graphene layers in the transferred multilayer samples) were used to estimate the average number of layers and the possible range in the number of layers at each growth pressure. Figure 7 (a) shows number of graphene layers measured at the center of graphene grains as a function of the growth pressure in box chart where the top quarter and the bottom quarter of percentiles are represented by the rectangular boxes. The average value of each growth is marked as a line in the boxes. As can be seen in figure 7(a) , the average number of graphene layers increases as the growth pressure increases and that the range in the number of layers found also increases as the pressure increases.
For growth pressures below 10 Torr, most of the graphene grown is monolayer but above 10 Torr the growth conditions start to exhibit an increased variation in the number of layers grown. A growth pressure of approximately 40 Torr appears to be the point where bilayer graphene starts to become the dominant graphene configuration. At 50 Torr, more multilayer graphene starts to grow so that while the average number of graphene layers remains at 2-3 layers. Overall, it is observed that, as as the pressure increases, there are small sections of the sample that contain far more than the average number of layers for that growth pressure. For example, when grown at 80 Torr, there can be up to 7 graphene layers while the average number of layers is only 4-5 and at 120 Torr, up to 11 layers were observed sporadically whereas the average number of layers is only 8. These spots of high layer counts show that new layers can quickly form at nucleation sites for the high-pressure growths when the graphene growth is no longer self-limiting.
It has been well-reported that the graphene growth at lower pressures is a self-limiting process, leading the formation of monolayer graphene on copper foil [15] . However, controlling the partial pressure of hydrogen prior to supplying methane shows that the self-limiting process can overcome, thereby enabling multilayer graphene growth on the surface of Cu foil. This study shows that growth pressures from 10 to 40 Torr are the threshold of the self-limiting process, and that multilayer graphene starts to grow above this threshold. This breakdown in the self-limiting nature of the growth process is most likely due to a change in the rate limiting step of the process occurring at this pressure. Two fluxes can occur at simultaneously in the CVD process; mass-transport through the boundary layer and surface-reaction transport through the surface layer as shown in equations (1)- (3) where h g is mass transport coefficient, K s the surface reaction constant, C g is the concentration of gas in the bulk, and C s is the concentration of the active species at the surface [35] = -
In CVD growth under low pressures, the surface transport reaction is the rate limiting step
since diffusivity through the boundary layer (D g ) formed on top of the catalyst substrate is inversely proportional to the growth pressure due to fewer collisions between molecules occurring within this boundary layer at lower pressures. Therefore, at low pressures, the graphene CVD growth process becomes limited by the surface transport mechanism, resulting in in the growth of monolayer graphene [35] . For growth processes closer to atmospheric pressure, mass transport through the boundary layer is the limiting rate step
Therefore, non-uniformities in the thickness of the boundary layer in the growth region can create changes in the uniformity of graphene layer and increase the number of active species that can diffuse into the surface and lead to the growth of additional graphene layers. The graphene growth conditions presented in this paper have a pressure range from mTorr to hundreds of Torr, which covers the low-pressure region where surface transport is the rate limiting step to the atmospheric region where mass-transport is the rate limiting step. The mass-transport and surface-transport growth mechanisms can co-exist in the transition (10-40 Torr). The mixture of these two growth regimes results in primarily bilayer graphene growth. Therefore, in this growth system, the pressure around 10-40 Torr defines the boundary between the two growth mechanisms well and where the self-limiting growth process that results in monolayer graphene growth at lower pressures starts to breakdown.
In order to determine how new multilayer structures are formed as the pressure increases and confirm the cause of the breakdown of the self-limiting growth process, the full-width at half maximum (FWHM) of the 2D peaks in each case was measured in order to determine the stacking order of graphene layers since it has been observed that AB stacking results in significant 2D peak broadening as compared with AA stacking [33] . [20] . (For further details of FWHM, please see figure S5 in supplementary information.) Therefore, as new layers are nucleated during the graphene growth process at higher pressures, stable AB stacking layers are formed with the graphene already present in the sample.
Finally, the sheet resistance as a function of the growth pressure was also measured as shown in figure 7(c) . These results show that, as the growth pressure increases, there is a reduction in the sheet resistances of the samples, which is likely caused by the increased number of graphene layers in the samples [4] . This result confirms the results from the AFM/LFM and SEM measurements. However, the results also show that the change in sheet resistance is not a linear function of the average number of layers in the graphene. This is likely because the secondary layers of graphene grown below the primary graphene layer have not fully coalesced into a complete and uniform layer. Therefore, even though the sample might by >80% bilayer graphene, if the grains of the second graphene layer are not completely connected to each other, then the contact resistance between the grains on that layer might be so high that the second layer does not make a significant contribution to the overall electrical conductivity of the graphene structure [36] . This is supported by the fact that the electrical resistance does not start to drop until the pressure is >40 Torr which is when all of the measured spots on the graphene structure have at least two complete layers. Therefore, as the pressure increases above 40 Torr we would expect to see more complete layers forming and the sheet resistance to start to drop rapidly as is observed in figure 7(c) .
Even though not all of the layers in the graphene might have fully coalesced, the electrical performance of the graphene produced using this growth method are still very good. The measured sheet resistance for the multilayer graphene is less than 100 Ω/sq. and the hole mobility of the graphene grown at 80 Torr, measured using a backgated FET with a drain voltage of 10 mV, is 412-643 cm 2 v −1 s −1 . These results are consistent with the results for other graphene samples in the literature that are measured at room temperature and atmospheric pressure [4, 21, 37] . (See supplementary information figure S10 for more details.)
Conclusions
This paper shows that the number of graphene layers can be controlled by the pressure during growth. It demonstrates the successful growth of monolayer graphene at pressures below 10 Torr and up to 11 layers of graphene at pressures of 120 Torr. In addition, the multilayer graphene grows in an AB stacked sequence. A threshold of 10-40 Torr has also been identified for breaking the self-limiting process of graphene growth on Cu foil that typically results in only monolayer growth on graphene. There is also a threshold in the 40-80 Torr range where majority of the graphene grown changes from bilayer to multilayer. This threshold was also confirmed by the FWHM of the I 2D peak, where graphene grown at a pressure above 80 Torr has a FWHM of 50-60 cm −1 , whereas the FWHM is only 20-30 cm −1 at pressures below 50 Torr. Therefore, this work shows that by setting the pressure during the growth of graphene on copper substrates it is possible break the self-limiting growth mechanism and control the number of graphene layers that are grown.
